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I. Probe the nucleon with a virtual photon

Q2»M2 : partonic structure

   quarks, antiquarks, 
   gluons

Q2«M2 : nucleon 

virtual photon γ*
virtuality = Q2

resolution α 1/√Q2 

pointlike probe
momentum and/or position distributions of partons in the nucleon
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    "3D" imaging : Generalized Parton Distributions (GPDs)

gluons, sea quarks valence region

Nucleon tomography : 
FT of GPD H (x, 0, |t|=Δ

┴

2) 

Parton Distributions q(x)Form factors F
1
(t) → transverse charge densities

∫ dx t = 0

Generalized Parton Distributions 
Correlation between longitudinal momentum fraction x and transverse charge densities b

x,y

x : longitudinal momentum fraction 
t : momentum transfer squared

elastic 
scattering

inclusive 
deep inelastic
scattering

hard exclusive 
processes



Marie Boër, IPN Orsay, France I. Motivations August 18, 2015 4

     Deeply Virtual Compton Scattering processes

t

Generalized
Parton

Distributions
(GPDs)N (p) N' (p')

γ (*) N →γ (*) N'   Different exclusive processes 
involving photons, same GPDs :

- outgoing photon is real : spacelike 
Deeply Virtual Compton Scattering
(DVCS) e N → e' γ N'

- incoming photon is real :
Timelike Compton Scattering (TCS)
TCS: γ N → e+e- N' 

- both photons are virtual :
Double Deeply Virtual Compton 
Scattering (DDVCS)
e N → e' e+e- N'

(e stands for any lepton) 

 
x : average longitudinal momentum fraction of the struck quark
ξ : longitudinal momentum transfer
t : momentum transfer squared
Q2= -q2 ; Q'2 = +q2 : hard scale
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    Generalized Parton Distributions (GPDs)

 leading twist amplitudes, massless quarks, in DVCS, TCS and DDVCS off the nucleon :
spin 1/2× spin 1/2  

unpolarized 
GPDs

polarized 
GPDs

without nucleon spin flip with nucleon spin flip

    γµ
σµν

γ5γµ γ5

Chiral-even nucleon GPDs :

Similar decomposition for gluons GPDs

Ji decomposition of the soft part of the amplitudes
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Accessing GPDs with Compton Form Factors

(Im, x=±) 
DVCS, TCS spin asymmetries

(|Im|2+|Re|2) : cross sectionsDDVCS : (Im, x ≠ ξ, x < |ξ| )

Deconvolution of x and ξ 

(Re) integrate GPD over x
TCS: spin assymetries
DVCS: charge asymmetry

ξ, t = measurable
x = loop
x± propagator

Compton Form Factor (CFF)

CFF are extracted from different observables, 
at different kinematical points: 
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  Compton processes and interference with Bethe-Heitler

Bethe-Heitler (BH)
- same final state
- sensitive to FFs
- deconvolution: 
angular analysis 
of cross sections, spin / 
charge asymmetries...

11

(leading order, 
leading twist)

   (+ crossed 
       diagrams)

DVCS + BH
eN→e'γN'=

TCS + BH

e

e

e
e

DDVCS + BH
eN→e'e+e-N'=
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Fixed target experiments

II. DVCS at COMPASS 
(test run data analysis)

III - V. TCS and DDVCS
at JLab@12 GeV
(phenomenology and proposals)

valence regiongluons, sea
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COMPASS at CERN, SPS

members: 220
institutes: 24
countries: 13
first run: 2002
muon beam: 

160 – 190 GeV 

 COMPASS with muon beam in 2009 :
 - 1 week for DVCS test run
 - 160 GeV muons (μ+ and μ-)
 - 10 second beam / 45 sec. (spills)

remark : flux µ+/µ- ~ 2.4

(M2 beam line) proton extraction

polarized muon beam (80%)
secondary pion beam
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DVCS at COMPASS : spectrometer

2 electromagnetic
calorimeters (ECAL1,2)

LH2 target and 
Recoil Proton Detector (RPD)

DVCS programs :

2008 - 2009 few days tests runs 
40 cm LH2 target and Recoil Detector
feasibility, 1st measurement of σ

2012 : test run with the "final" setup
(2m target, additional triggers and ECAL...)

2017 : approved experiment
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Recoil Proton Detector (RPD) and target area

Proton efficiency

LH2 target

First time used for exclusive 
measurement at COMPASS

  Two time of flight measurements :
- momentum: vertex, ring A, ring B in coincidence
- positions: PMs at both sides
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Luminosity : muon beam

- muons are counted one by one
- requires a random trigger and a tracking system
- 10 seconds beam / 45 seconds (spills)

momentum and position position
and veto

position

projection

B
ea

m
 M

om
. S

ta
tio

n 
ef

fic
ie

nc
y

beam time profile

 momentum measurement efficiency

main systematics :
- target density (3%)
- pile-up (not included)
- efficiencies, timing cuts, projections
- trigger recovrement and coincidences
- dead time

Integrated luminosity result :
L(µ+)=3.60 pb-1 (4%) ; L(µ-)=0.114 pb-1 (4%)

1     2     3     4     5     6     7     8     9    10  11
time in spill (sec)

0    1       2          3   4       5
trigger time (ns)
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F
2 
(x

bj
, Q2) measurement

correction 
(%)

syst 
%

pile-up 94 (µ+), 
97 (µ-)

1

muon tracking 97 3

radiative corr. f(x
bj
, Q2) 2

trigger 
efficiency

96 2

trigger  
(coincidences)

98 1

main systematics and corrections

DVCS measurement in 2009

→ first measurement of cross section in COMPASS normalized to luminosity
→ range of validity in (x

bj
, Q2) for DVCS studies

F2

- validation of luminosity measurement
- include/check efficiencies and dead time in COMPASS Geant Monte-Carlo
- studies of systematics and corrections for scattered µ 

→ 10 % agreement with NMC at low Q2  : within statistical errors in 2009
→ discrepancies at high Q2 : requires full spectrometer efficiencies measurement
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DVCS analysis method

- 4 particles detected : µ and µ' (hodoscopes), γ (2 ECAL), P' (recoil detector) 
- Kinematic: 1<Q2<4.5 GeV2, .005<x

bj
<.06, .006<-t<.8 GeV2, .05<y<.9

- 4 exclusivity cuts: (µP)-(µ'γP') missing mass ; momentum balance ; angles   

exclusivity cuts

data
MC     
cuts

strong variations in Φ:
- non hermetic ECAL coverage
- beam pipe

ECAL positions corrected after 
this analysis

- acceptance (Monte-Carlo, BH+modified FFS model for DVCS): 
by 4D event weighting 
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DVCS analysis : background subtraction

- from Monte-Carlo studies
LEPTO for DIS and HEPGen* for DVCS (FFS model) and exclusive π° (GK model) 
 
- parallel measurement of exclusive π° electroproduction cross section 
similar method as DVCS, limit of cross section set to σ(π°)<20 pb.GeV-4[1σ] in same kin. range

Background estimates :

● "semi-inclusive"  (µP→µPπ°/η...→µPγX) : negligible at small x
bj
, 8%±8% large x

bj
 

● exclusive π° : µP→µPπ°→µPγγ : negligible at small x
bj
, <2 % at large x

bj
 

● diffractive dissociation : µP→µP*γ→µPγX : negligible

→ only "semi-inclusive" background is corrected by event weighting

→ background << statistical uncertainties

*Sandacz, Sznajder, arXiv:1207.0333
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BH+DVCS

2009 data

       systematics

  bins 1, 2, 3 : BH dominant → validation of  σ(BH) measurement
  bin 4 : DVCS signal expected (compatible) but too low statistic

→ large uncertainties but: 

Φ(deg)Φ(deg)

Φ(deg)Φ(deg)

Monte
-Carlo

µP→µPγ = DVCS + Bethe-Heitler : cross sections

- test run data (some issues with triggers, limited setup...)
- first "absolute" cross section measurement in COMPASS
- same method used now for the 2012 run analysis
- hardware improvements after this work
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   III. TCS : observables and GPDs dependencies

Context :
- pioneering theoretical work in 2002*: unpolarized, beam polarized cross sections
- study of experimental feasibility in 2011** with JLab CLAS 6 GeV data
- first proposal for JLab @12 GeV CLAS12 accepted in 2012***

New here:
- unpolarized+polarized cross sections with higher twist corrections + gauge invariance rest.
- all single and double beam (circ., lin.) and / or target (Long. or ) polarized spin asymmetries
- neutron target and sensitivity to quark angular momenta 
- new LOI and proposal for JLab @12 GeV submitted in 2015 
*Berger, Diehl, Pire, E.P.J. C23 (2002) 675. **R. Paremuzyan, PhD thesis (2011). ***E12-12-01 (2012)
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   TCS amplitude

in light cone frame :
• q and P colinear along z
   Δ momentum transfer
• Sudakov vectors pµ and nµ

• ξ and ξ' = ''+'' component of Δ and q 

+ crossed diagram

~~
~
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  BH amplitude and photoproduction cross section



Marie Boër, IPN Orsay, France III. TCS observables August 18, 2015 20

TCS : angles and notations
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Bethe-Heitler angular dependencies

   e- in γ direction (θ  0°) => singularity at φ=180°→
   e+ in γ direction (θ  180°) => singularity at φ=0°            →
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BH and TCS angular dependencies

BH is largely dominant

Integrated in all following figures

 θ over [45°,135°]

far from BH 
singularities
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BH and TCS kinematical dependencies

Comparison to the pioneering theoretical work
Berger, Diehl, Pire, E.P.J. C23 (2002) 675

BetheHeitler:   equal≈

TCS: few % at low Q'2  
=> we waived some t/Q'2 approximations 
(higher twist corrections, gauge invariance)  
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  Beam Spin Asymmetries

 - Circularly Polarized

- Linearly Polarized + sensitive to real part of amplitudes
- more difficult experimentaly
= CLAS12 run group proposal ? Hall D ? 

Hall B CLAS12 proposal
E12-12-01 PAC39 (2012)

Hall A SoLID run group proposal 
E12-12-006A PAC43 (2015)
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Target Spin Asymmetries

Hall C LOI 12-15-007 
PAC43 (2015)

Spin physics with GPD E...



Marie Boër, IPN Orsay, France III. TCS observables August 18, 2015 26

       Double Spin Asymmetries

ξ=0.2, Q′2 =7 GeV2, 
-t=0.4 GeV2, 
θ ∊ [45°,135°]

  Circularly polarized beam and transversally pol. target vs |t|

BH

φ=90°

“in hadronic plane”

BTSA with linearly polarized beam : sensitive to imaginary part of amplitudes

• Very sensitive to the GPDs parameterization
• Sensitive to the real part of amplitudes
• But
 A[BH] 0 , few % deviation from TCS signal≠
 Bins in φ and θ preferable for signal  
 Experimental difficulties (stat...)

Future
need high luminosity
+ resolution



Marie Boër, IPN Orsay, France III. TCS observables August 18, 2015 27

   Comparisons : TCS off the proton and off the neutron

JLab Hall A 
SoLID 3He target ?

Future
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   Spin physics with TCS off the proton and off the neutron

- TCS is more sensitive than DVCS to the E parameterization and to the quark angular mom.
- TCS or DVCS on the neutron are more sensitive to J

q
 than on the proton

(max amplitude)
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IV. Fits of DVCS and of TCS

• Pseudo-data based on these TCS calculation 

• DVCS1 method is expanded for TCS and TCS+DVCS

• Local fits: MINUIT + MINOS

- several sets of observables, (ξ , t) points fitted independently 

- 7 free parameters: CFFs (ℑm and Re [ H, H, E], Re[E])  

- the variation of parameters is limited in parameter space   

• Systematic studies: error propagation and interpretations2  

1
M. Guidal, EPJA 37 (2008) 319 

2
M.B.,M. Guidal J.Phys. G42 (2015) 3, 034023

Could we extract CFFs from TCS fits ?

Could we combine DVCS and TCS in fits ?

~ ~
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Fits of DVCS and of TCS : phase space for JLab at 12 GeV
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Fits of DVCS, TCS and combined fits of DVCS + TCS 

31

Compton Form Factor (CFF)

ξ, t = measurable
x = loop

1. DVCS fits : under-constrained but we can extract Im(H), Re(H) and Im(H) from data 

2. TCS fits (simulations, 5-15 % uncertainties) : feasible, but less sensitive to the CFFs
→comparisons to DVCS for H ,H... (next slide)

3. Combined DVCS+TCS fits (simulations) 
→ reduction of the error bars compared to the DVCS results
→ more independent observables : poorly constrained CFFs could be extracted (E…)
→ possible study of higher twist and NLO effects

7 free parameters (CFFs), limited amout of uncorrelated observable

~

~
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Fits of TCS only
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Compton Form
Factors (CFFs)
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+∆σ
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+∆σ
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simulations;
without smearing 

 = 5%,   = 2% δσ δ∆σ
 
generated "CFF" = 1

• underconstrained system: some CFFs are extracted:  m(H) ℑ

• 8 independant observables, 7 CFFs: all CFFs are extracted

• single spin asymmetries   ImT   Im(CFFs) are extracted with smaller error bars∝ ⟹

• compared to DVCS : more difficult with TCS, but complementary

CFFs can be extracted from TCS fits assuming 5% uncertainties on observables

Observables:
With polarized 
beam and/or target

generated CFF at 1

=0.2, Q 2 =7 GeV2,ξ ′
t=0.4 GeV2,   = 90°θ
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Set of results
(uncertainties)
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~ 
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not same scale
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Combined fits : DVCS + TCS (simulations)

33
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V. TCS : perspectives at JLab at 12 GeV

34

Beam Spin Asymmetries measurements at JLab at 12 GeV
- Hall A SoLID : circularly polarized BSA (approved)
- Hall B CLAS12 : circularly (approved) and linearly  (future) BSA

with quasi-real photon beam (Q2<0.3 GeV2)
*85% electron polarization 

Target Spin Asymmetries measurements
- Hall C NPS : transversally polarized target , dedicated 
measurement. LOI 12-15-007 (2015).

Unpolarized TCS+BH cross section 
- Hall A SoLID run group proposal E12-12-006A (2015)
- Hall B CLAS12 proposal E12-12-001 (2012)

GPD universality check
Over-constraining GPD H
Access to Re(H)
Higher twist/ NLO effects

(+ H)
Independant observable 
sensitive to Re(TCS)

~

Good access to GPD E
Complementarity of TCS 
and DVCS programs
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DDVCS : perspectives at JLab at 12 GeV

eP→e'P'µ+µ- 
Interest : GPDs extracted at x ≠ ξ 
→ needed for "3D" imaging
How : lever arm with Q2/Q'2 ratio

BH only

BH+DDVCS

cross section and beam spin asymmetry for 2 kinematics vs phi (DVCS-like angle) x

fb

 (deg)Φ  (deg)Φ

Marie Boër, IPN Orsay, France V. Experimental perspectives. August 18, 2015

BH only
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DDVCS : perspectives at JLab at 12 GeV

36

eP→e'P'µ+µ-  

Hall A SoLID : LOI 12-15-005 (2015),
Left figure= expected errors on A

LU
 with 

J/Ψ approved configuration

Hall B CLAS12 : intern letter, LOI for dedicated
run to be submitted in 2016 

+ CLEO 
muons chamber

SoLID
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SUMMARY

37

I. Motivations : GPDs physics
- DVCS, TCS and DDVCS : different sensitivities to the same GPDs

II. DVCS at COMPASS
- first cross section measurement : inclusive, exclusive photon and pi°  
- luminosity at 4% level

III. TCS phenomenology
- all asymmetries with polarized beam and/or target : GPD dependencies
- proton and neutron : flavor separation, spin physics...

IV. Fits of DVCS and of TCS
- DVCS : interpretation of uncertainties, error propagation… 
- TCS : proof of GPD sensitivities
- TCS and DVCS : universality of GPDs, complementarity of observables, 
higher twist sensitivity...

V. Experimental perspectives for TCS and DDVCS at JLab at 12 GeV
- TCS : proposal for Hall B CLAS12 (E12-12-001 (2012))
- TCS, submitted in 2015 : run group proposal for Hall A SoLID and LOI for Hall C NPS
- DDVCS, submitted in 2015 : LOI for Hall A SoLID
- future : DDVCS in Hall B CLAS12

E.Phys.J.A(2015) 51: 103
arXiv:1501.00270

(to be submitted)

J.Phys. G42 (2015) 3, 034023

              (paper in preparation)

COMPASS note 2013-12
+ other internal notes

Submitted to PAC43 (2015) :
- proposal E12-12-006A
(accepted in 2015, July)
- LOI12-15-007
- LOI12-15-005

http://arXiv.org/abs/arXiv:1501.00270








Polarized muon beam

SPS
M2 
beam line

  ~ 1012 protons/second 4. 107 muons/second

proton extraction polarized muon beam (80%)secondary pion beam

COMPASS muon beam in 2009 :
- 1 week for DVCS test run
- 160 GeV muons (μ+ and μ-)
- 10 second beam / 45 sec. (spills)



Extraction of GPDs with COMPASS measurements





Electromagnetic Calorimeters



DIS stability run/run



COMPASS : radiative corrections









Exclusive pi°



Exclusive pi° background in DVCS









Linearly polarized Beam Spin Asymmetries







From R. Lustrat





From A. Luboz
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